On 4 September 2010, a M W 7.1 earthquake struck the Canterbury region of the South Island of New Zealand. Widespread liquefaction caused major damage to many structures, including the flood-control stopbanks along the lower reaches of the Waimakariri and Kaiapoi Rivers. Additional damage occurred during the subsequent M W 6.2-6.3 earthquakes of 22 February and 13 June 2011. Repeated LiDAR surveys indicated that up to 1 m of subsidence occurred in places. Visual inspections identified areas of significant damage, which have been repaired. However, internal damage to the stopbanks cannot be recognized by visual inspection. Thus electromagnetic (EM) and ground penetrating radar (GPR) surveys were undertaken.
Introduction
At 4.35 am on 4 September 2010, a M W 7.1 earthquake occurred near the town of Darfield, New Zealand (about 45 km ENE from Christchurch), along the previously unknown Greendale Fault. The rupture was mostly dextral strike-slip with some degree of reverse motion at depth (Quigley et al 2010 (Quigley et al , 2012 . The surface rupture was more than 28 km long, with maximum lateral offsets of 4.6 m and maximum vertical offsets of greater than 1 m. Subsequently, on 22 February 2011, a M W 6.2 earthquake occurred beneath the city of Christchurch, New Zealand (Davey 2011 , Kaiser et al 2012 . Widespread damage, destruction and fatalities occurred, not the least of which was the widespread liquefaction that was experienced throughout the Christchurch area. The main cause of damage to infrastructure and land was the liquefaction of recent fluvial deposits, which caused subsidence, lateral spreading and sediment ejection (Cubrinovski et al 2010) . Another M W 6.3 aftershock occurred on 13 June 2011.
The sequence of earthquakes caused significant damage to the many tens of km of flood control barriers, called stopbanks, along the Waimakariri and Kaiapoi Rivers. The stopbanks were initially surveyed using LiDAR and visual inspections (figure 1, Riley Consultants 2010) , and those sections with obvious damage were repaired. However, uncertainty remained whether or not there was damage that wasn't visually apparent. Thus, a pilot study was carried out along a 4.2 km long segment of stopbanks (figure 2), first to show that geophysical imaging could be used to identify any internal damage, and then to highlight those segments that required further attention. While a complete interpretation of the geophysical results could be done on the full data set, the result would be too long for a brief journal article, and our primary purpose was to identify those anomalous sections that may need additional remedial work. One section was not surveyed: it was classified as 'undamaged' and also ran alongside a line of large trees and a large metal fence, both of which generated a significant amount of geophysical noise. Nonetheless, the study included the full range of damage, from apparently undamaged, through minor, moderate and major, to severe. The sections that had sustained obvious damage had been repaired, and the pilot study could also be used for quality control.
Methodology
There have been a few previous studies on geophysical imaging of stopbanks. Niederleithinger et al (2012) , as part of the DEISTRUKT project, used geoelectrics, refraction seismic, MASW (multi-channel analysis of surface waves), electromagnetics (EM) and ground penetrating radar (GPR) to examine the internal damage in the stopbanks along the Mulde River in Germany. In contrast to the 'let's try everything' approach of DEISTRUKT was the work of Sentenac et al (2013) , who used electrical resistivity tomography (ERT) to look for fissuring in flood embankments in England and Scotland. In our case, we required high resolution combined with a depth of penetration of 5 to 6 m. The resolution depends on the specific equipment used; we discuss resolution later in this section. We also wanted to use more than one method, choosing methods that would complement each other. One technique could be a relatively rapid reconnaissance tool that yielded information on the bulk properties and the other technique could be a slower but higher resolution method. We chose the Geonics EM31 and the Sensors & Software pulseEKKO 100A GPR system, using 100 MHz antennas mounted on a trolley.
EM31
The EM31 is a horizontal-loop EM (HLEM) method, using coplanar loops spaced 3.66 m apart. The depth of penetration is of the order of 5.5 m (about 1.5 times the loop separation) when the ground electrical conductivities are low, which they are in this case. The EM31 response is directionally dependent (Nobes 1999 (Nobes , 2007 , and the directional dependence can be used to detect relatively linear oriented features (Nobes 2007, Nobes and Wallace 2007) . Thus we took readings that were parallel to the stopbanks, and therefore sensitive to features that cut across the stopbanks, and readings that were transverse (perpendicular) to the stopbanks, and therefore sensitive to features, such as cracks, that are parallel to the stopbanks. We also tested the influence due to tides by repeating the readings along the tidally-influenced lower Kaiapoi River, taking readings at both low and high tide levels.
The EM31 readings were taken at constant time intervals as the instrument was carried along the road on top of the stopbank. The instrument was carried at a consistent level above the ground, about 1 m, and parallel to the ground. Fiducial markers were placed every 100 m, and at points of interest, such as gates, corners in the road, etc. The readings were then interpolated to constant station spacings, with a median value of 0.29 cm along the Waimakariri stopbank and 0.27 cm along the Kaiapoi stopbank for the parallel orientation and a median value of 0.26 cm for the transverse orientation. The positions were not exactly the same for the two orientations, so the comparison of the readings was done qualitatively initially. The readings were then interpolated to a standard separation of 0.30 cm for both sets of readings so that the results could be directly compared.
GPR
The stopbank study used the Sensors & Software pulseEKKO 100A system. We chose to use 100 MHz antennas, which we considered was a good compromise between resolution and depth of penetration. The antennas were mounted on a trolley constructed of PVC piping, and using plastic wagon wheels. The trolley was pushed and pulled at a slow steady pace. The fiducial markers again provided spatial references, which were then used to 'rubberband' the data to yield traces interpolated to a constant spacing. The median trace spacings ranged from 8.0 to 9.3 cm for each of the long radar lines, and so the data were interpolated to 10.0 cm trace spacings to ensure that the data were not undersampled along any segment.
A section of the line 'below the bridge' was acquired with the antennas on a sled, to compare the results of the two systems: trolley versus sled. We observed no major differences between the two profiles, as illustrated in figure 3. On the trolley, the antennas are suspended less than 30 cm from the ground, well within the one-tenth wavelength required for good coupling of the signal with the ground. On the sled, the antennas were separated from the ground only by the thickness of the epoxy resin sled, about 2 cm. For working on the top of the stopbank, the trolley was easier to manoeuvre, so the trolley was used for the majority of the imaging. For the cross lines, the sled was easier to use in the grassy margins. The test results in figure 3 show that there is no major difference between using the sled or the trolley.
We also acquired profiles across the stopbanks at four locations: at 290 m, where the EM31 response was observed to be anomalous; at 400 m, where the response was not anomalous; at 2620 m, which was a repaired section that appeared to be intact; and at 3090 m, where a surface crack was observed.
Each of the GPR sections had many diffractions, from which we could derive velocities. While there was a wide range of velocities ( figure 4(a) ), when the sections at the confluence of the Waimakariri and Kaiapoi Rivers (figure 4(b)) and 'below the bridge' (figure 4(c)) are compared, we can see that the velocities have different distributions, and suggest higher water and clay contents in the section below the bridge. The different velocity sections seem to be reflected as well in the EM31 results, but not in the manner expected, as will be discussed in the next section. The velocities were used to migrate the profiles. Migrations were tested using velocities of 0.10, 0.12 and 0.14 m ns −1 . What is interesting is that, despite the different distributions, a velocity of 0.14 m ns −1 consistently yielded the clearest migrated profiles. Thus the profiles migrated using 0.14 m ns −1 are presented here.
In a sidenote, a velocity of 0.14 m ns −1 for an antenna frequency of 100 MHz yields a lateral resolution of 0.35 m (35 cm) based on the extension of the Fresnel scattering zone to the surface. Thus our sampling step size of 10 cm yielded high quality over-sampled profiles. The vertical resolution, Δr, is of the order of: The apparent conductivities from the confluence of the two rivers illustrate the tidal effects. The confluence is affected by tides; data were acquired at both high and low tide levels. The readings have similar patterns, just offset. The spikes in the perpendicular readings are due to bicycles riding past the EM sensors and passing through gates that contained metal close to the EM sensors.
where W is the pulse width, about 4.8 ns for the 100 MHz antenna, and v is the velocity (Annan 2005) . The vertical resolution is thus about 17 cm.
Results and discussion
The EM31 results (figure 5) complement the GPR velocity results (figure 4). The conductivities along the stopbanks are lower where the velocities tend to be lower, which appears to be contradictory, especially as that section of the stopbanks was often in the shade and appeared to be more damp much of the time. There are higher conductivities at the start of the line, but they quickly drop off to low conductivities. There is a clearly anomalous response between about 250 and 320 m (figure 5), and another less anomalous response at about 350 m, otherwise the parallel and transverse responses are the same. Correlative crossline GPR profiles were acquired at 290 and 400 m. The EM31 results near the river confluence (figure 6) shows similar responses for the two orientations, with the same trends and patterns. There are no clearly anomalous deviations. The differences only occur because the parallel response (blue, solid line) was taken at high tide, and the transverse response (green, dashed line) was taken at low tide. Otherwise, the responses are effectively the same. Had the readings not been approximately parallel, then the lines would have been repeated to ensure that we isolated any anomalous segments properly. The readings are consistently high along the stopbanks at the confluence of the two rivers, yet the velocities are consistently high as well. This suggests that while there is a clear difference between high and low tides, there is a residual salinity that maintains high apparent conductivities.
Direct comparisons between parallel and perpendicular EM31 data sets (figure 7) illustrate both the 'normal' trend of equality between the parallel and perpendicular readings in the absence of any anomalous features, as indicated by the dashed diagonal lines, and the responses due to anomalous features. The results from the section below the bridge (figure 7(a)) in particular illustrate how well the two data sets correspond. The data fall nicely along the 1 : 1 trend line (dashed), with some significant scatter. The anomalous readings from the segment from 250 to 320 m are indicated (ellipse). The results from the section along the lower Waimakariri and lower Kaiapoi Rivers ( figure 7(b) ), show a deviation from the 1 : 1 trend line (also shown dashed) in the presence of significant salinity. The parallel data were gathered near the peak of the high tide, whereas the perpendicular data were gathered during low tide. The trend is thus not 1 : 1 but rather shifted because net conductivities are higher during the acquisition of the parallel data. The effects of the high tide on the enhanced salinity and thus on the apparent conductivity are evident (labelled in figure 7(b) ).
The GPR results correlated well with the EM results (figure 8). The longitudinal profile along the stopbanks below the highway bridge ( figure 8(b) ) shows a change in internal structure between about 270 and 310 m along the profile. This coincides with the EM31 anomalous response ( figure 8(a) ). The type of construction appears to change from a compacted layered road bed style above about 320 m, to what may be a transitional zone, where tipped truckloads of material built out ramps for the construction of the next stage of the stopbank construction. Below 250 m, the structure of the stopbank returns to the style observed above 320 m.
Cross profiles were acquired at the 290 and 400 m marks (figure 9). The 290 m cross profile ( figure 9(a) ) has a clearly anomalous response on the river side (right side) of the profile, where beds appear to be offset or truncated almost through the entire depth of the stopbank and into the underlying sediments. The 400 m cross profile illustrates how normal stopbank construction might appear in cross-section. There is a core section, which may be constructed or which may be a natural levee. The outer banks onlap this core, and are built up to the required height to provide sufficient protection against high flood waters. There may also be offset or truncated beds at depth beneath the stopbank in both profiles (dotted ovals), at about 9 to 12 m along the profile at 290 m, and at about 9 m along the profile at 400 m. The one on the 400 m profile is at a depth of at least 5 m, and lies at or below the base of the stopbank. It bears monitoring, but not invasive investigation.
Two more cross-profiles were acquired, at locations along the lower part of the test section near the confluence of the two rivers. The profile at the 2620 m mark (figure 10(a)) was acquired near the pivot point for a large irrigator. The 2620 cross profile was taken as a reference profile, because nothing appears to be anomalous at that location. As for the 400 m cross profile, the 2620 profile highlights the normal stopbank morphology: There is a core that is either constructed or based on a natural levee, upon which additional material is constructed, onlapping the deeper core. Note that the access road on top of the stopbanks is more clearly defined in the topography. There does appear to be some anomalous response at depth-offset and truncated beds (circled in figure 10(a) )-but it lies below the base of the stopbank, at a depth of more than 4 m, and thus is in the disturbed fluvial sediments along the river. In contrast, the 3090 m profile ( figure 10(b) ) was acquired because a crack was clearly visible on the surface, running for at least a metre alongside the road on top of the stopbank and some 30 to 40 cm deep. Beneath the crack location lie offset and disjointed beds in the GPR profile (solid oval, left side of the profile in figure 10(b) ). In addition, there may be an anomalous response on the other side of the road, as indicated by a dotted oval in figure 10(b) , but the beds are not obviously truncated and offset. Instead the form may simply be a variation of the onlapped construction of the stopbank.
Conclusions
A pilot study was completed to examine:
(1) the efficacy of geophysical imaging, particularly horizontal loop EM and ground penetrating radar, to obtain subsurface imaging of the flood control stopbanks along the lower Waimakariri and Kaiapoi Rivers north of Christchurch, New Zealand; (2) the quality of remedial construction work carried out on the stopbanks in the aftermath of the sequence of strong earthquakes that struck the Christchurch area in 2010 and 2011; and (3) any internal stopbank damage resulting from the earthquakes that may require further investigation and yet may not have any surface expression.
We have shown that GPR and HLEM can be used to image the internal structure of flood control stopbanks, including those along the lower reaches of rivers that are tidally influenced. Obviously, if there were anomalous readings present, which there were not in this case, then they should be acquired at the same point in the tidal cycle. We have also demonstrated that the combination of GPR and HLEM can highlight areas where remedial work may need to be checked and potentially repaired anew. The geophysical imaging alone, of course, cannot tell us if there are internal cracks or failures or inadequate reconstruction, but they can indicate areas where more invasive work is required. Finally, we have also shown that we can differentiate between anomalous responses that lie below the stopbanks and those that lie within the stopbanks.
The next stage is to carry out invasive tests on the anomalous sites that we have identified, and expand the scope of geophysical imaging to the rest of the networks of stopbanks. b), bottom). The 290 profile crossed through the middle of the anomalous EM section, where construction methods were different from the rest of the stopbank. In addition, there appears to be an internal structure (solid oval, dipping downwards from 15 to 21 m). There are clear offsets in the internal beds, and a crack that extends almost to the surface. There are also anomalous responses, with possible truncated or offset beds at depth below the stopbanks (dotted ovals) in both profiles 290, between the 9 and 12 m marks, and 400, at about the 9 m mark. Because these disruptions in the natural bedding are below the stopbanks, and did not appear to continue up into the stopbank itself, they were not considered to be directly relevant to the integrity of the stopbank. . Possibly anomalous features (highlighted ovals) are shown relative to the surface crack (arrow) which appears to propagate to depth (solid oval). The feature in 2620 lies below the stopbank, and thus does not represent an immediate concern for stopbank integrity. The second feature in 3090 (dotted oval) may be a subsurface defect.
